Background
Introduction
Epstein-Barr virus (EBV) is a ɣ-herpesvirus with a high prevalence worldwide (over 90%) which interacts with the host immune system and typically establishes benign lifelong latent infection in the B-cells of healthy immunocompetent individuals [1] . However, in some cases, the normal homeostasis of the EBV-specific response is disrupted and leads to the malignant transformation of the infected cells. EBV-driven oncogenesis is related to the development of a subset of several B-cell lymphomas in immunocompetent individuals (mainly, Burkitt [BL] , diffuse large B cell [DLBCL] and classical Hodgkin's [cHL] lymphomas) and in immunocompromised patients (post-transplant [PTLD] and HIV-associated lymphoproliferative disorders).
The relationship between EBV infection and cHL is well established. The rates of EBVrelated cHL vary by ethnic group, age, gender, socio-economic status, and histological subtype, and its development is associated with a previous history of infectious mononucleosis [2] . The epidemiology of EBV suggests a complex interplay between genetic, viral and environmental factors that converge to an inadequate immune control of EBV infection. However, genetic drivers of EBV-specific immune responses and lymphomagenesis in EBV-related cHL remain unclear.
There is increasing evidence that the NK cell repertoire plays a role in EBV-directed immunity. In this way, NK cells exhibit greater cytotoxicity during acute EBV infection, and in a humanized mouse model, NK cells limit the EBV viral load, infectious mononucleosis symptoms, and tumor formation [3] [4] [5] . Their significance in the control of EBV infection is supported by the observation that primary immunodeficiencies affecting NK cells or NK cell recognition of EBV-transformed cells are associated with EBV-positive malignancies and fatal EBV infection [6] [7] [8] .
Recently, an EBV-driven imprint on the NK compartment has been reported and is characterized by the proliferation of an NK cell population expressing the inhibitory receptor CD94/ NKG2A (CD56 dim NKG2A + KIR -CD57 -) in tissues and peripheral blood during acute symptomatic infection [9, 10] . Moreover, a CD56bright NK cell subset with a similar NKG2A+ phenotype proved to be relevant for controlling infection in the tonsils and to have the potential to inhibit in vitro EBV-induced transformation [11] . These findings support a role for CD94/NKG2A-HLA-E signaling in NK-mediated control of EBV and its associated pathologies.
The inhibitory CD94/NKG2A receptor, a member of the heterodimeric CD94/NKG2 family, is expressed on NK and CD8+ T cell subsets. This receptor interacts with a high affinity and in a peptide-specific manner with the non-classical class I molecule HLA-E loaded with signal peptides derived from other HLA-I molecules [12, 13] . The CD94/NKG2A-HLA-E interaction constitutes a sensor that monitors HLA class I expression on healthy cell surfaces and provides an immunomodulatory mechanism of tolerance. HLA-E can also present stressor pathogen-derived peptides (including EBV), whether to CD94/NKG2A or TCR bearing cells, to survey cellular stress or infection by NK and T cells [14] [15] [16] .
Expression of HLA molecules on infected cells varies during the EBV cycle infection and inversely correlates with sensitiveness to NK killing. Latently EBV-infected B-lymphoblastoid cell lines (B-LCLs) express high levels of HLA molecules, and resist NK lysis [3, 17] ; however, HLA class I expression is down-modulated upon entry into the lytic cycle, which is associated with an increase of the NK cell response [18, 19] . HLA class I antigens synthesis and assembly pathways are disrupted in a concerted manner by several EBV antigens (e.g., BNLF2a, BGLF5, BILF1, vIL10) during the lytic cycle, which affects and targets a broad range of HLA antigens [20] [21] [22] . HLA-E expression is also affected by EBV immune-evasion mechanisms, presumably circumventing the recognition of HLA-E-viral peptide complexes by CD8+ T cells [23] .
Compared to the characteristic genetic diversity of classical class I MHC genes, HLA-E is fairly conserved. The low level of HLA-E polymorphism was present before the generation of classical HLA diversity and seems to be driven by a different selective pressure. These features suggest an essential function for this molecule [24, 25] . Fifteen different HLA-E nucleotide sequences have been described to encode two different protein sequences: E Ã 01:01 and E Ã 01:03
(http://www.ebi.ac.uk/ipd/imgt/hla [26] ). These two HLA-E molecules are present in more than 90% of the population with similar frequencies, suggesting that balancing selection is acting on the dimorphism [27] . Both variants differ at only one non-synonymous substitution (1147A>G; rs1264457) that results in an amino acid change (arginine to glycine) at position 107 in the alpha-2 domain of the heavy chain. This substitution confers different levels of surface expression and peptide affinities. E Ã 01:03 is expressed at higher levels than E Ã 01:01, probably due to an increase in peptide binding ability that results in a more stable configuration [28] . The allelic diversity of HLA-E is associated to several clinical situations. In HCV infection, the homozygous E Ã 01:03 genotype seems to correlate with chronification [29] , and in hematopoietic stem cell transplantation, it has been shown to confer protection against graft-versushost disease, leukemia relapse and mortality [30] [31] [32] . Other investigators have reported that the E Ã 01:01 allele associates with recurrent miscarriage [33] and a reduced risk of Behcet's disease [34] . We performed a case-control study to evaluate whether the genetic diversity of HLA-E affects susceptibility to lymphomagenesis in cHL and its relationship to EBV infection.
Materials & Methods

Ethics Statement
The project was approved by the Ethics Committee of Hospital Puerta de Hierro (Approval number: Acta n°304). Written informed consent was provided by all of the patients and controls.
Patients and clinicopathological data
One hundred and seventy-five patients diagnosed of cHL (73 EBV+ and 102 EBV-) and 400 unmatched healthy individuals from Hospital Puerta de Hierro Majadahonda (Madrid, Spain) were enrolled in this study. Another series of 82 patients diagnosed with cHL (35 EBV+ and 47 EBV-) from MD Anderson Cancer Center (Madrid, Spain) were studied to validate the results.
cHL was diagnosed based on a morphological and immunohistochemical examination of biopsy materials using standard techniques. The histopathological classification and cHL subclassification were based on the World Health Organization (WHO) 2008 criteria as follows: nodular sclerosis (NS), mixed cellularity (MC), lymphocyte-rich (LR), lymphocyte-depleted (LD) or not classified (NC) cHL. HIV-positive patients were excluded from the study.
Nuclear staining of HRS by in-situ hybridization for EBERs using the Bond ISH EBV-EBER probe was used to detect EBV-infection in the cells. The main characteristics of the cHL patient are summarized in Table 1 , and the other clinico-pathological parameters of the patients are shown in S1 Table. HLA typing DNA was extracted from either peripheral blood with DNAzol (MRC, Cincinnati, OH) or using a Maxwell 16 Blood DNA purification kit (Promega Corp. Madison, CA); or from the paraffin-embedded tissue of biopsied tumoral lymph nodes using the QIAmp DNA FFPE Tissue Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions.
HLA-E typing discriminating the single nucleotide polymorphism in codon 107 (A>G) was performed using PCR-SSP as described [35] with minor modifications. To validate the genotyping method, reference DNAs from the IHW cell panel were used. Randomly selected samples and problematic DNAs were examined by DNA sequencing in a 3130xl Genetic Analyzer Sequencer (Applied Biosystems, Foster City, CA, USA) using the amplification primers HLA- 
Results
Characteristics of cHL patients
One hundred and seventy-five Spanish patients with cHL from Hospital Puerta de Hierro (Madrid) and 400 unmatched healthy individuals from the same area were included in the study. The characteristics of the cHL cohort (Table 1 and S1 Table) were consistent with its epidemiology in Western Europe [36, 37] . The histological distribution was as follows: 60.6% (n = 106) of the cases were NS subtype, followed by a 30.3% (n = 53) with MC histology, 4.6% (n = 8) corresponded to other less frequent subtypes (LD and LR), and 4.6% (n = 8) were not histologically classified. Consistently with other series [38, 39] , 41.7% of the cHL patients were EBV-positive with a bimodal age-incidence curve (data not shown) and the presence of EBV was more frequent in males (79.5% males vs 20.5% females, p = 2.6x10 -5 ). Additionally, 64.7% and 30.2% of the MC and NS cases were EBV-positive. The EBV-negative lymphomas presented a unimodal age distribution, were predominantly found in young adults aged <45 years, lacked an association with gender, and the majority had a NS histology (75.5%).
As a replicative series of cHL, we studied 82 patients from a different medical Center in Madrid (MD Anderson Cancer Center, Spain). Clinical and biological data were very similar to the results obtained in our exploratory series, including epidemiology, EBV association and histology, as shown in Table 1 and S1 Table. HLA-E distribution in controls and cHL patients Analysis of the HLA-E genotype distribution in healthy controls (S2 Table) showed that the majority of the individuals (49.6%) were heterozygous at the dimorphism (E Ã 01:01, 01:03). The major (E Ã 01:01) and minor (E Ã 01:03) homozygous genotypes were present in 33.3% and 17%
of the individuals, respectively. HLA-E allelic and genotypic frequencies fell into the range reported for other European ancestry reference populations from The 1000 genomes project (http://www.1000genomes.org: CEU, TSI, GBR and FIN) and from other reported population studies [40] . The distribution of the HLA-E genotypes in the cHL cohort (regardless of the EBV status), as well as in all the EBV-categorized subgroups, was closely replicated in both series (S2 Table) HLA-E*01:01 is a protective factor in cHL and its negative association is mainly derived from EBV-positive cases and showed a non-significant tendency toward a decreased frequency in comparison to controls (OR = 0.6, p = 0.057). This reduction of E Ã 01:01 frequency in EBV-negative cases is moderate compared to EBV-positive patients cases and our study lacks sufficient statistical power to determine significant differences between these two subgroups (p = 0.15). These results indicated that the reduction of E Ã 01:01-carriers in the global cohort of cHL patients (irrespective of the EBV status) is attributable to differences in the distribution of HLA-E genotypes in the EBV-positive subgroup. We analyzed the potential effect of the E Ã 01:01 allele dose on the decreased risk of EBV-pos- The association of HLA-E*01:01 with EBV-positive cHL is not influenced by age or gender
We stratified the series by gender and age, variables previously associated with EBV-associated cHL, to investigate their possible confounding effect on the contribution of the HLA-E (Table 3 ). This analysis confirmed that the negative association between the E Ã 01:01 allele and the risk of EBV-positive cHL was not influenced by age or gender. Similarly, stratifications of the EBV-positive cHL series by histology and other clinical parameters (disease stage, presence of bulky tumor and survival) did not reveal any differences in the distribution of the HLA-E genotypes (data not shown). ).
Analysis of
Discussion
Inherited variations in host immune responses have long been associated with susceptibility or protection against disease, including tumors and infections. We analyzed the contribution of HLA-E genetics to the susceptibility of developing EBV-driven cHL in a case-control study.
Our results showed a reduced frequency of E Ã 01:01 in EBV-positive cHL cases compared to controls. This difference indicated a protective effect of this variant─ E Ã 01:01-positive individuals would have more than a 50% reduction in the risk of developing EBV-associated cHL. The validity of this genetic association is strengthened by the replication of the HLA-E distribution in a supplementary series of cHL patients in the same geographic region. We also found that the association of HLA-E with EBV-positive cHL is not linked to other reported demographic factors associated with this disease such as age and gender. The relationship of cHL resistance to the E Ã 01:01 allele did not show a dose effect, likely implying a dominant influence of this variant on protection against the disease. A potential biological rationale for the genetic association with EBV-associated lymphomas described herein could be the influence of HLA-E polymorphism on CD94/NKG2A signaling in NK cells. In this model, it may be speculated that lower expression of HLA-E Ã 01:01 in EBVinfected cells, as compared with E Ã 01:03, could confer an attenuated NKG2A-mediated inhibition of NK or CD8+ T cell killing. This phenomenon could be translated into an enhanced EBV-directed cytotoxic response in E Ã 01:01 carriers that could contribute to protection against a malignant course of EBV infection. Another hypothesis is that E Ã 01:01 could more efficiently present EBV-derived peptides to CD8+ T lymphocytes than E Ã 01:03, generating an increased cytotoxic T cell response to EBV infection. In EBV-negative cHL, the frequency of E Ã 01:01 was intermediate between healthy controls and EBV+ cases. Although we did not find significant differences because the reduction of the frequency of the E Ã 01:01 allele was not as pronounced as that in the EBV+ group, the results could also have a potential biological significance. HLA-E is expressed at high levels by some tumors [44] [45] [46] , including neoplastic and microenvironment cells in some cHL patients [47] . The expression and function of HLA-E in cancer cells is not fully understood, but it may represent a mechanism of tolerance that could be influenced by HLA-E polymorphism. Further studies with larger cohorts should be performed to better estimate the relevance of HLA-E genetics in EBV-negative cHL. One limitation of our study is that the control series could not be monitored for antibodies against EBV. To assess how EBV-serostatus would impact on our results, we estimated, from age-adjusted EBV-seroprevalence data of our Institution (Dr. Portero, F, Microbiology Department; personal communication), a 4% of EBV IgG seronegative controls in our cohort. With this seronegativity rate, and even in the worst scenario for our conclusions (i.e. subtracting 4% [N = 25] supposed seronegatives only from the E Ã 01:01 carrier group), we estimated an irrelevant influence of EBV-seronegative subjects on our results (data not shown) The influence of the HLA-E locus on the genetic background of EBV-induced tumors has also been studied in nasopharyngeal carcinoma (NPC), an EBV-associated malignancy with a restricted racial and geographical distribution. In Thai NPC patients, a homozygous E Ã 01:03 genotype was associated with an increased risk of disease, i.e., E Ã 01:01-carriers were, as in this study, protected for EBV-tumorigenesis [48] . However, although a similar trend was found in Tunisian patients with NPC, neither HLA-E allele was found to have major effects on NPC susceptibility or progression [49] . Previous investigations on the association of the HLA class I region with EBV-associated cHL pointed to HLA-A1 and A2 being positively and negatively associated, respectively, with EBV+ cHL [47, 48] . The HLA-E locus is~540 kb centromeric to HLA-A (http://vega.sanger.ac. uk). The physical proximity of the two genes raised the question of whether the relationship between HLA-E and EBV-positive cHL could be secondary to an association with HLA-A or vice versa. Interestingly, we found that the association of HLA-E with EBV-positive cHL is independent of those of A Ã 01 or A Ã 02, which were replicated in our study. Despite the extensive amount of studies assessing the LD in MHC region, few of them include data on HLA-E polymorphism. These studies describe an essentially random association of their alleles, probably due to the presence of recombination hot spots [24] but also, some conserved HLA-A-HLA-E haplotypes, including the combination of the EBV- the protective HLA-A-HLA-E phenotypes and the low rates of the opposite risk phenotypes in healthy individuals could indicate an EBV selective pressure shaping HLA-A and HLA-E polymorphism. Our results suggest a potential use of combined HLA-A and-E typing as a biomarker of increased risk of EBV-positive cHL EBV-positive cHL presents an intrincate epidemiology, and the overall incidence rates vary greatly in different regions of the world [36] . The origin of this geographic discrepancy is unknown, but even when modifiable factors such as lifestyle or the environment are controlled for epidemiological studies, some variability remains across the ethnic groups [51] . These persistent differences in susceptibility to EBV-associated cHL among human populations might be partially explained by polymorphic genetic systems that show ethnic variation in the rates of allelic prevalence, such as HLA-E and HLA-A.
The association of the HLA-E genetic diversity with the susceptibility of EBV-driven cHL suggests a role for the HLA-E molecule in the etiopathogenesis of the disease. These findings may contribute to the understanding of the influence of host genetics on EBV-related lymphomas.
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